Abstract. Parity violating electron scattering is studied systematically in the relativistic Eikonal approximation and the partial-wave analysis method. The parity violating asymmetries are calculated using the proton and neutron densities of nuclei as input, which are produced by the relativistic mean-field (RMF) theory. The behaviour of the parity violating asymmetries for Ca isotopes is analyzed. The results show that parity violating electron scattering is very sensitive to the difference between the proton and neutron density distributions. As an application, the parity violating asymmetries for some neutron-rich stable nuclei, such as 124 Sn, with the neutron skin-type and halo-type distributions are calculated. It is found that the parity violating electron scattering can be used to verify the type of the neutron density distribution for neutron-rich stable nuclei.
Introduction
The ground-state proton and neutron densities are one of the most important properties of nuclei. Due to the short-range nature of the strong interaction the ground-state nuclear matter density of a nucleus serves as the mean field in which the nucleons move. Therefore, many properties of a given nucleus are related to its ground-state proton and neutron densities. Very accurate proton (charge) densities of many stable and long-lived nuclei have been measured by high-energy electron scattering [1, 2, 3, 4, 5] . Whereas, the neutron densities of nuclei are measured mainly by hadronic probes, such as elastic proton scattering. As well known, the strong interaction is still unclear due to its extreme complexity. Therefore, the neutron densities obtained by these methods are model-dependent and the error bars are a little larger than those of proton densities. Similarly, very accurate data of neutron densities are also important in nuclear physics. For example, the very accurate neutron densities in 208 Pb will help us to determine the neutron equation of state [6, 7] . Measuring neutron radii of nuclei with a precision of 1% will be of great value in interpreting atomic parity nonconservation (PNC) experiments [8] . It is therefore necessary to find a model-independent method to measure the neutron densities of nuclei. Fortunately, though the neutron has no charge it can interact with electrons by exchanging a Z 0 meson. Based on this interaction, Donnelly, Dubach, and Sick suggested that it is possible to measure the neutron densities of nuclei using the parity violating electron scattering [9] . Since then the parity violating electron scattering has attracted much attention [10, 11, 12, 13] . At present, facilities for parity violating electron scattering experiments are well-established [14] .
Theoretical framework
In the process of the elastic scattering of the longitudinally polarized electrons, the electrons interact with the nucleus by exchanging either a photon or a Z 0 meson. The photon couples to the proton and the Z 0 meson couples mainly to neutron. The potential felt by the electrons is
where the former is the Coulomb potential and the latter is the weak potential. The Coulomb potential is determined by the nuclear charge density
The weak potential is determined by the weak charge density [11] 
where
In the above equations ρ n (r) and ρ p (r) are point neutron and proton distribution functions, which are normalized to unity. G E (r) ≈ θ W − 1 = 0.02 is very small compared to unity. This means that the weak potential is dominated by the neutron density. That is why parity violating electron scattering is suggested to measure neutron densities in nuclei.
For high-energy electron scattering, the rest mass of the electron can be neglected compared with the incident energy. In this limit, the Dirac equation satisfied by the electron is
where ψ is the electron's wave function. This equation can be simplified by decomposing the wave function as ψ = ψ + + ψ − , where
where V ± (r) = V C (r) ± A(r). That is to say, the electrons of different states of helicity will feel different potentials in the process of electron scattering. Therefore, at a given scattering angle the cross section of right-handed electrons σ + is not equal to that of left-handed ones σ − . The parity violating asymmetry A LR is defined as the relative difference between the cross sections of different states of helicity [10, 11] 
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where α is the fine structure constant. F n (q) and F p (q) are neutron and proton form factors, which are the Fourier transforms of neutron and proton density distributions,
Coulomb distortion effects can be considered in different ways, the most widely-used methods are the Eikonal approximation ( see Refs. [12, 13, 15, 16] ) and the partial-wave analysis method (see Refs. [11, 17] ). In this paper we will use these two methods to investigate the parity violating electron scattering.
Numerical results and analysis
Firstly, we compare the results calculated by the plane-wave Born approximation, Eikonal approximation and partial-wave analysis methods, taking 208 Pb as an example. For this nucleus, we take the same three-parameter Fermi (3pF) distributions for neutron and proton. The parameters for charge density are taken from Ref. [5] . The results for the parity violating asymmetry are shown in Fig.1 . From Eq. (8) we can see that if the proton and neutron density distributions are same, the parity violating asymmetry is only a simple quadratic function of momentum transfer q. We can see that the results obtained using the Eikonal approximation and the partial-wave analysis method have the same trend as the result by PWBA, the difference is that the parity violating asymmetries in the Eikonal approximation and the partial-wave analysis method oscillate with the momentum transfer. Of course, this phenomenon arises from Coulomb distortion effects. We can see also that the results of the Eikonal approximation and the partialwave analysis method are close to each other, especially in the low momentum transfer region. In the spirit of the Eikonal approximation, this is because of the small angle approximation. These results show that these three methods are consistent with each other. Next we investigate parity violating electron scattering in the Eikonal approximation.
We choose an isotopic chain as research objects to analyze the change of the parity violating asymmetries. It is because the densities of protons (neutrons) are the sum of squares of the proton (neutron) wave functions. It can therefore be expected that the proton densities will change much more slowly compared with the neutron densities from the proton drip line to the neutron drip line. The Ca isotopic chain is a good choice, because this isotopic chain covers three traditional neutron magic numbers N = 20, 28, 50. In calculations, the proton and neutron densities are produced by the RMF theory with the force parameter TM1 [18] . The numerical results are shown in Fig.2 . From this figure one can see clearly that the difference between the neutron and proton densities for 40 Ca is the smallest one among these nuclei, and the difference becomes larger with the increasing difference between the proton and neutron numbers. Using these densities as input, the parity violating asymmetries for this isotopic chain have been calculated. The results of the parity violating asymmetries of Ca isotopes are shown in Fig.3(a) . From this figure one can find that the amplitude of the parity violating asymmetry for 40 Ca is the smallest one among these isotopes, and the amplitude increase with the increase of the difference between the proton and neutron numbers. By combining the characteristics of the proton and neutron densities with the parity violating asymmetries, we can reach the conclusion that the parity violating asymmetry is sensitive to the difference between the neutron Figure 2 . The proton and neutron densities for Ca isotopes obtained from RMF theory with the force parameter TM1. This figure is taken from Ref. [12] .
and proton densities. The neutron density can differ from proton density both in magnitude and in shape. So it is needed to clarify which factor dominates the character of the parity violating asymmetry. In order to reach this goal, we will start from the PWBA. In PWBA, the parity violating asymmetry is proportional to the ratio of the neutron form factor to the proton form factor. If the proton and neutron has the same density distribution, the proton form factor will be equal to the neutron form factor. For this case, as can be seen from Fig.1 , the parity violating asymmetry is only a quadratic function of momentum transfer q. In the Eikonal approximation and partial-wave analysis method the parity violating asymmetry oscillates. It is because in the Eikonal approximation and partial-wave analysis method, Coulomb distortion effects are included. It is reasonable to believe that Coulomb distortion effects will increase with the proton number of nuclei. However, from Fig.1 one can see that even for nuclei as heavy as 208 Pb, the amplitude of the parity violating asymmetry is quite small. So the large amplitude of the parity violating asymmetry can be only interpreted by the large difference in shape between neutron and proton densities. The shape of neutron and proton density distributions can be described by the neutron and proton form factors, respectively. Then it is natural to analyze the relationship between the parity violating asymmetry and the neutron and proton form factors. For this purpose, we plot the proton form factors (Fig.3(b) ), neutron form factors (Fig.3(c) ) and the parity violating asymmetries (Fig.3(a) ) together. After detailed analysis, it is found that the amplitude of the parity violating asymmetries are related to the distances between the minima of proton and neutron form factors. For example, the first and second minima of proton form factor for 40 Ca are close to the first and second minima of its neutron form factor, respectively. Whereas, the second and third minima of proton form factors for 60 Ca are about 0.15 fm −1 and 0.4 fm −1 away from the second and third minima of the neutron form factors, respectively. Consequently, the amplitude of the parity violating asymmetry for 40 Ca is the smallest one and that for 60 Ca is the largest one among this isotopic chain. By this analysis we can draw the conclusion that the parity violating electron scattering is sensitive to the difference between the shapes of neutron and proton density distributions.
As an application, we will use the parity violating electron scattering to verify the type of the neutron density distributions for some neutron-rich stable nuclei. Very recently, antiproton atomic experiments have shown that the neutron densities of some neutron-rich stable These figures are taken from Ref. [12] .
nuclei at large nuclear radii have the neutron"halo-type" distributions rather than the neutron "skin-type" ones [19] . In Ref. [19] the proton and neutron densities for these neutron-rich stable nuclei are expressed by the two-parameter Fermi (2pF) model:
where c is the half-density radius, a is the diffuseness parameter. c n = c p , a n > a p is called the neutron"halo-type" distribution, and c n > c p , a n = a p is called the neutron "skin-type" distribution. Let us take 124 Sn as an example. The parameters of charge density for 124 Sn are c p = 5.490 fm and a p = 0.534 fm [5] . The radii difference between proton and neutron densities is ∆r np = 0.23 fm [19] . For 2pF model, c n and a n can be obtained by the relation [19] r 2 n ≈ 3 5 c 2 n + 7 5 π 2 a 2 n assuming either c n = c p or a n = a p . The ratios of the neutron density to the proton density ρ n /ρ p for 124 Sn with the skin-type and halo-type neutron distributions are shown in Fig.4 . The calculated parity violating asymmetries of 124 Sn for the skin-type and halo-type neutron distributions in the eikonal approximation at incident energy E = 850 MeV are shown in Fig.5 . One can see that the parity violating asymmetries for these two types differ greatly from each other. That is to say the parity violating electron scattering can be used to verify the type of neutron distributions of neutron-rich stable nuclei.
Summary
In summary, the parity violating electron scattering is investigated extensively in the relativistic Eikonal approximation and the partial-wave analysis method. We take Ca isotopes as examples. In calculations, the proton and neutron densities for Ca isotopes are produced by RMF theory with force parameter TM1. The results show that the parity violating asymmetries are sensitive to the difference between the proton and neutron density distributions. The amplitude of the parity violating asymmetry is related to the distance between the minima of the proton and neutron form factors. As an application, we calculate the parity violating asymmetries of some neutron-rich stable nuclei, such as 124 Sn, with the skin-type and halo-type neutron distributions. It is found that the parity violating asymmetries differ greatly from each other. It means that the parity violating electron scattering can be use to verify the type of neutron distribution for neutron-rich stable nuclei. Figure 4 . The ratios of neutron density to proton density ρ n /ρ p for 124 Sn with the neutron skin-type and halo-type distributions. This figure is taken from Ref. [13] . Figure 5 . The calculated parity violating asymmetries for 124 Sn with the neutron skin-type and halo-type distributions. This figure is taken from Ref. [13] .
